The recently launched Sentinel-1 satellite with a Synthetic Aperture Radar (SAR) sensor onboard offers a powerful tool for irrigation monitoring under various weather conditions, with high spatial and temporal resolution. This research discusses the potential of different metrics calculated from the Sentinel-1 time series for mapping irrigated fields. A methodology for irrigation mapping using SAR data is proposed. The study is performed using VV (vertical-vertical) and VH (vertical-horizontal) polarizations over an agricultural site in Urgell, Catalunya (Spain). With field segmentation information from SIGPAC (the Geographic Information System for Agricultural Parcels), the backscatter intensities are averaged within each field. From the Sentinel-1 time series for each field, the statistics and metrics, including the mean value, the variance of the signal, the correlation length, and the fractal dimension, are analyzed. With the Support Vector Machine (SVM), the classification of irrigated crops, irrigated trees, and non-irrigated fields is performed with the metrics vector. The results derived from the SVM are validated with ground truthing from SIGPAC over the whole study area, with a good overall accuracy of 81.08%. Random Forest (RF) machine classification is also tested in this study, which gives an accuracy of around 82.2% when setting the tree depth at three. The methodology is based only on SAR data, which makes it applicable to all areas, even with frequent cloud cover, but this method may be less robust when irrigation is less dominated to soil moisture change.
Introduction
Irrigated agriculture is essential for the global food yield. In the past 40 years, global agricultural production has more than doubled, while the cropland has only increased by 12%, which reveals that irrigation has made a great contribution [1] [2] [3] . With the constant increase of the global population, the shortage of water resources, and the mismatch between irrigation needs and the actual amount of water used for irrigation [4, 5] , irrigation needs to be better planned in order to fulfill the high demand for food and water. Spatially explicit irrigated area information is needed for cropland irrigation management [6] . The amount of irrigation surfaces, which is of great importance to water resource management, is still unclear. Remote sensing technology leads to a new direction for mapping irrigated areas to better support water resources and agricultural development [7] . However, studies using remote sensing to map irrigated fields remain relatively rare [3] . With the diverse range of irrigated field size and scattered distribution, it is difficult to map irrigation fields by satellite remote sensing because of its relatively coarse spatial resolution in comparison to field scale.
The most commonly used methodologies are the optical multi-bands classification method, the vegetation index method, and the radar-based approach. Several studies [8] [9] [10] [11] [12] [13] [14] [15] have shown the capability of optical multi-bands remote sensing for irrigation mapping. Thiruvengadachari [14] demonstrated that areas irrigated by surface water could be distinguished from those irrigated with groundwater by using single-date Landsat imagery, based on supplementary information regarding major surface irrigation projects, canal network maps, drainage patterns, and recorded groundwater utilization. Even though the single-date image can be used for distinguishing irrigation fields, it is not always reliable, since single-date analysis in visible cropping intensity often does not take into account planting dates that vary from year to year [3] . Therefore, multi-temporal analysis provides a better potential to define irrigated fields [16] . Thenkabail et al. [8] used Moderate Resolution Imaging Spectroradiometer (MODIS) time-series data to generate Land Use/Land Cover (LULC) and a map of irrigated areas for the Ganges and Indus river basins.
Various vegetation indices, such as the NDVI (Normalized Difference Vegetation Index), the NDWI (Normalized Difference Wetness Index), and the GVI (Green Vegetation Index), derived from multi-bands satellite data, are proven to be able to map irrigated areas [10, 12, [17] [18] [19] [20] . Boken et al. [18] demonstrated the potential of NOAA-AVHRR (Advanced Very High Resolution Radiometer) for estimating irrigated areas using NDVI and the Vegetation Health Index (VHI) with coefficients of determination (R2) of approximately 0.49 and 0.80, respectively. Xiao et al. [19] developed a paddy rice mapping algorithm that uses the time series of three vegetation indices, namely, the Land Surface Water Index (LSWI), the Enhanced Vegetation Index (EVI), and the NDVI, derived from MODIS images.
Studies combining the two methods above increased the spatial and temporal resolution for irrigation mapping. Gumma et al. [21] developed a decision tree approach using Landsat 30-m one-time data fusion with MODIS 250-m time series data. Fuzzy classification accuracy assessment for the irrigated classes varied between 67-93%.
Methods based on optical data rely heavily on weather conditions. For areas with frequent cloud cover, these methods may not be adaptable. The availability of Synthetic Aperture Radar (SAR) data offers a new potential for irrigation monitoring by providing the ability to observe under any weather conditions. The radar remote sensing measurements of soil are very sensitive to the water content in the surface layer, due to the pronounced increase in the soil dielectric constant with increasing water content [22] [23] [24] [25] . Although primarily affected by soil moisture, active radar backscatter is also influenced by vegetation and surface roughness [26] [27] [28] [29] [30] [31] [32] , and the proportions depend on the different polarization modes. The Sentinel-1 mission also proved that it can be used to retrieve soil moisture under vegetation cover [33, 34] . Studies also demonstrated that radar data can provide unique characteristics of irrigated croplands such as rice fields [35, 36] . Ribbes and Toan [35] demonstrated that the radar backscatter coefficient of rice fields had a significant temporal variation, and that this variation can be used to identify paddy rice fields. However, rice fields are special since they are inundated, which can be distinguished more easily by SAR than general irrigated croplands. Few studies have used SAR data alone to do irrigation mapping, except for paddy rice fields. Since irrigation events change the soil moisture in the fields and help cultures flourish, the SAR data that is affected both by soil moisture and vegetation should have the ability to discriminate the irrigation fields. Irrigation mapping using SAR data needs to be studied to enrich remote sensing applications in agricultural and hydrological fields. Since irrigation is a time dynamic activity, more multi-temporal datasets are needed.
In this study, multi-temporal SAR data is used to map irrigated crops, irrigated trees, and non-irrigated fields. Sentinel-1 SAR mission data, with its high spatial and temporal resolution, allows for more possibilities for distinguishing irrigated areas at the field scale. Unlike optical data, which is restricted by cloud coverage, SAR data can work under any weather conditions. By analyzing the metrics derived from the SAR backscatter time series, irrigated and non-irrigated fields can be separated. Furthermore, the SAR characteristics of backscatter show a difference for different irrigation types; based on this aspect, the irrigated trees and irrigated crops can be separated as well.
In this paper, we introduce four metrics, including the mean value, the signal variance, the correlation length, and the fractal dimension derived from Sentinel-1 multi-temporal data. By combining different metrics, the irrigated trees, irrigated crops, and non-irrigated fields are separated. In Section 2, the studied site, the database, and the land use are presented. Section 3 describes the methodologies and metrics that were studied. Section 4 shows the results of the classification mapping and comparison with ground truth. Section 5 contains a discussion about the results. Finally, the conclusions are presented in the last section.
Database and Study Area

Database
Sentinel-1 Data
The Sentinel-1 mission provides data from a dual-polarization C-band Synthetic Aperture Radar (SAR) instrument. In this study, we use both Sentinel-1A and Sentinel-1B backscatter data, with a resolution of 10 m and a temporal resolution of 12 days, for each satellite. Previous studies have shown that VV (vertical-vertical) polarization data, in comparison to VH (vertical-horizontal) polarization, show high sensitivity to soil moisture [37] [38] [39] [40] [41] [42] . VH data, in its turn, has a higher sensitivity to volume scattering, which depends strongly on the geometrical alignment and characteristics of the vegetation. Thus, VH data has a limited potential for the estimation of soil moisture compared to VV data, but higher sensitivity to vegetation [38, 43, 44] . Since irrigation makes a difference for vegetation density, and in order to make full use of the satellite data, we use both VV and VH polarizations for our analysis. The period of Sentinel-1A is from June 2015 until September 2017, while Sentinel-1B is available from September 2016 until September 2017. The database is shown in Figure 1 . All of the Sentinel-1 data was pre-processed using the Sentinel-1 Toolbox, in three steps: 
Ground Truth (SIGPAC)
The Geographic Information System for Agricultural Parcels (hereinafter SIGPAC) is a public registry of an administrative nature that contains information on the parcels [45] . The supplied SIGPAC plotter contains both graphical and alphanumeric information. The graphic information includes the referenced geographic boundary of each plot of land. Alphanumeric information contains information about each one of the enclosures such as identification codes, surface area, land usage (updated annually), irrigation coefficient, average slope, and others. Information can be found on the website: http://sig.gencat.cat/visors/Agricultura.html [46] .
In this study, the SIGPAC data is used as ground truth to validate our classification results with information regarding the land usage and irrigation coefficient.
Study Area
The study area covers a 20 km by 20 km area, located in Urgell, Catalonia, Spain (Figure 2) . The Urgell climate is typically Mediterranean, with continental influence; it is mild in winter and warm in summer, with a very dry season in summer and two rainier seasons in autumn and spring [47] . The average annual precipitation is around 376 mm (347 mm in 2015, 385 mm in 2016, and 397 mm in 2017). Precipitation events at the Baldomar meteo station, which is the nearest one to our study area, are illustrated in Figure 3 . The study area is mainly irrigated using two irrigation methods: inundation, which is the old irrigation method, and sprinkler or drip, which are the new irrigation systems. The status of the irrigation is mostly static from year to year. Fields that have access to water are always irrigated, and fields that do not have access to water are not. In the old irrigated district, the open channel leads water into the agricultural fields, which causes vegetation flourishing in this area (lower left of the study area). Surrounding the irrigated area, the land is much drier without irrigation. Currently, a new irrigated system is being developed, surrounding the old irrigated system, using sprinkler or dripping irrigation; scatter irrigation fields are located in the middle and north of the study area. The irrigation period mainly occurs in summer, from May to September, and the frequency depends on the irrigation district. In the old district, the irrigation frequency is mainly every two weeks, and in the new area it may be daily, but it depends on the farmers.
In the fields with the new irrigation method, the drippers are always used to irrigate fruit trees, and the sprinkler is always used to irrigate crops. In our study, the fields are separated into irrigated trees, irrigated crops, and non-irrigated fields in the end. Figure 2 shows the land-use map from SIGPAC in our study area. The croplands dominate most parts of the area, including wheat, corn, and alfalfa. The croplands include fields irrigated using inundation, sprinkler, or subsurface drippers, and rainfed fields. The productive trees are mainly fruit trees, olive trees, or vineyards. Forest and wild trees are spreading throughout the whole area, mostly in the mountainous places in the northwest part. In total, there are 22,775 fields of croplands and 3659 fields of productive trees that are used for the mapping and validation.
Methodology
The first step is the data pre-processing. Second, we use metrics of a backscatter signal time series over the selected fields to perform modeling to build the classification function. Third, irrigation mapping is performed using the metrics maps, the classification function, and the fields boundary information. The accuracy assessment will be explained in the next section. The overall workflow using the Support Vector Machine (SVM) is shown in Figure 4 . 
Data Pre-Processing
To build the classification method, we first selected 10 areas for irrigated crops, five areas for irrigated trees, and 10 areas for non-irrigated crop lands, as shown in Figure 5 , to perform learning and modeling. The surface size of the selected areas varies from 3 ha to 25 ha. All of the pixels within the selected reference areas are pre-processed by averaging every 10 by 10 pixels, starting from the left-top corner into 100 m by 100 m cells in order to reduce the speckle effect. 
Analyzed Metrics
The mathematical statistics of the backscatter time series for the selected areas, including irrigated trees, irrigated croplands, and non-irrigated crops, will be analyzed. In principle, the backscatter values are different for irrigated and non-irrigated areas and for different irrigation methods, since different water content in the soil creates differences in soil dielectric constant, which relates to the backscatter characters. Furthermore, the irrigation makes a difference for vegetation density, which affects the backscatter coefficient, especially for VH polarization. Additionally, the changing pattern and other mathematical statistics will be analyzed for irrigated trees, irrigated crops, and non-irrigated crops.
Analysis of the temporal-related metrics is the first step in the analysis of the possibility that the three types of classes will be separated. The analyzed metrics include the mean value of the backscatter time series, the temporal variance of the signal, the signal correlation length, and the fractal dimension. First, we analyze these metrics solely within the selected areas over irrigated croplands, irrigated trees, and non-irrigated crops. Cells with hundred-meter resolution fell into the selected fields are considered for the analysis.
Mean Value of σ •
The mean value, which is the basic statistical parameter of a time series, shows the average scale of the data. In the first analysis, the mean value of the backscatter time series is taken for each 100-m cell within the selected irrigated and non-irrigated areas. Analysis is based on the whole period of our data acquisition, as shown in Figure 1 . The mean value reflects the general level of signal intensity for different land use.
For VV polarization, the backscatter intensity should be higher for irrigated than non-irrigated fields, with more water content in the fields because the increase of water increases reflectivity and thus, the backscatter value. For VH polarization, the sensitivity to water content in the soil is less pronounced, while the impact of vegetation increases. Figure 6 illustrates the case of VV and VH polarization signal dynamics through radar signal histograms; the approximate mean value of the selected irrigated cells for VV polarization is −11.724 dB, as shown in Figure 6a , and −14.137 dB for non-irrigated cells, as shown in Figure 6b . The mean values are smaller for VH polarization than VV polarization, and smaller for non-irrigated fields than irrigated fields. 
Signal Variance
Variance is the expectation of the squared deviation of a random variable from its mean. Informally, it measures how far a set of numbers is spread out from its average value. The variance value over the forest and urban areas are expected to be lower over the agricultural areas, with limited temporal variations. Figure 6 shows that the variance values are smaller for irrigated areas compared with non-irrigated areas, while VH polarization shows in average higher values than VV polarization, but similarly to VV, it is also smaller for the irrigated area.
Signal Correlation Length
Autocorrelation is a measure of the internal correlation within a time series. Autocorrelation is the correlation of a signal (µ) with a delayed copy of itself as a function of delay (τ). It is a way of measuring and explaining the internal association between observations in a time series.
Autocorrelation length represents the temporal interval in which the autocorrelation function decays to half of the power the fastest. It provides the information regarding the temporal variance of the backscatter signal, with limited values for fast-changing fields (e.g., irrigated fields) in principle. In our analysis, Edelson and Krolik's Discrete Correlation Function (DCF) is used [48] . Figure 7 gives two examples for irrigated cells and non-irrigated cells for VV and VH polarization; an exponential function [y = A exp(x/B)] is used to fit the temporal discrete correlation function. The correlation length is larger for irrigated cells in this case, since the existence of temporal variations is linked principally to soil moisture dynamic, and for non-irrigated areas, local temporal variations due to roughness and vegetation could generate reduction on correlation length; however, the overall results show that a large range of autocorrelation length varies from less than 10 days to more than 60 days for both irrigated and non-irrigated cells. 
Fractal Dimension
To quantitatively characterize backscatter dynamics, fractal geometry can be used to extract robust features hidden in the fluctuations. Fractals have the property of self-similarity [49] [50] [51] . Our fractal characterization is based on the power spectrum dependence of a fractional Brownian motion. We determine the power spectrum of the backscatter time series by computing its Fourier transform. The scaling behavior of the data is revealed by a power-law dependence of the spectrum as a function of frequency [52, 53] :
The fractal dimension is derived from the slope β of a least-squares regression linear fit to the data points in the log-log plot of the power spectrum, leading to the dimension [50] : D = 7/2 − β/2.
Over irrigated fields, the fractal dimensions are expected to be higher in principle, since irrigation should bring faster change in the irrigation period to SAR signals. However, the results show that the values are almost the same for irrigated and non-irrigated fields, since the backscatter is influenced by many factors, including soil roughness and precipitation. Figure 8 provides two examples of power spectral density plots of irrigated cells and non-irrigated cells for VV and VH polarization. The difference of slopes is not evident for the separation of irrigated and non-irrigated fields. In the implementation of our method, we discard fractal dimensions, which are not robust enough for classification. 
Modeling
Support Vector Machine
A Support Vector Machine (SVM) is a typical learning machine for two-group classification problems [54] . SVM is a discriminative classifier that is formally defined by a separating hyperplane. In other words, given labeled training data (supervised learning), the algorithm builds an optimal hyperplane, which can be used to categorize a new dataset. In a two-dimensional space, the hyperplane becomes a line dividing a plane into two classes, which lay in each part of the plane. Our method of separating non-irrigated fields, irrigated crops, and irrigated trees is based on the linear Support Vector Machine.
In our process, first, we separate irrigated and non-irrigated fields using mean value and variance, then, the irrigated fields are further separated into irrigated trees and irrigated crops using variance and correlation length. The reason to separate two classes each time instead of three is that the mean values of irrigated trees and irrigated crops are a bit mixed, since the backscatter difference between the flouring crops and trees are not evident, and the correlation length for non-irrigated crops varies a lot depending on the soil roughness and vegetation status, which makes it difficult to be separated from irrigated fields.
Classification Function
The classification functions are derived using SVM as shown in Figures 9 and 10 . First, a function for the irrigated fields and non-irrigated fields classification is built by the mean value and variance. Second, a function for irrigated crops and irrigated trees classification is built by the variance and correlation length. Considering the selected irrigation and non-irrigated masks, we analyzed the mean value and the variance of the backscatter time series for each 100 m by 100 m cell. The results are shown in Figure 9 . The mean values can be easily distinguished for irrigated and non-irrigated cells, with large values for irrigated cells. Over the selected fields, the mean variance for VV polarization is 3.96 dB for irrigated areas and 5.96 dB for non-irrigated areas. The function of the VV polarization increases, while for the VH polarization, it decreases, because VV is more sensitive to soil moisture and VH is more sensitive to vegetation.
Based on the two metrics, the irrigated and non-irrigated fields can be separated by the function of the mean value and the variance, using both VV and VH polarization. Then, for irrigated areas, the SVM derived linear function of correlation length and variance is used for the separation of the irrigated trees and irrigated crops (as shown in Figure 10 ). The characteristics of its self-correlation vary substantially, as shown in Figure 10 . The effect of vegetation coverage limits the variance for the case of trees. Apart from this, we see a limited increase of variance with correlation length.
By using the function of the correlation length and variance, we can separate irrigated crops and irrigated trees.
Tree Classification
Our study uses a tree classification, considering metrics from both VV and VH polarization, including mean value, variance, and autocorrelation length. Over the whole study area, the two linear SVM functions in Figure 9 are first used to separate irrigated fields and non-irrigated fields. Second, the two linear SVM functions in Figure 10 are used to separate irrigated crops and irrigated trees.
Random Forest (RF) Classification
Random Forest (RF) is an ensemble learning method for classification, regression, and other tasks, that operates by constructing a multitude of decision trees at training time and outputting the class that is the type of the classes (classification) or mean prediction (regression) of the individual trees [55, 56] .
Our study targets the classification process using half of the fields for learning, and the other half for validating, with the mean value, the variance, and autocorrelation length of both VV and VH polarization as input.
Results and Validation
With the geoinformation from SIGPAC, we know the boundary of all of the fields in our study area, which changed very slightly over the study period. The latest version of the fields' boundary is used. The surface area of the fields varies from less than 0.5 ha to more than 50 ha.
To apply our method over the whole study area, we average the backscatter into each field, so the speckle effect can be reduced. Instead of validating a 100-m resolution map, we validated the backscatter at each field scale to be consistent with the ground truth. Some of our fields are smaller than the 100 m by 100 m size, so it makes more sense to consider a field scale for which we have ground information.
Metrics Mapping
For each segmented field, we calculate these four metrics using the averaged backscatter signals for both VV and VH polarization. The maps of mean value, variance, correlation length, and fractal dimension for VV polarization over the study area are shown in Figure 11 . Areas including forests, urban areas, and water bodies are masked out, so all of the productive fields are left to be illustrated. In the mean value map, areas with low values relate to non-irrigated fields, which can be easily distinguished from the irrigated fields. The same case exists in the variance map, where areas with high values relate to non-irrigated fields. In the correlation length map, the non-irrigated fields have relatively lower values, but it is becoming more difficult to separate them from the irrigated fields. Finally, the fractal dimension map shows a mixed situation for these two classes, which we therefore decided not to use. 
Classification Map
Using the tree classification method based on the SVM with the mean value, variance, and correlation length for both VV and VH polarization as input, three classes, including non-irrigated fields, irrigated crops, and irrigated trees are classified after masking out forest, urban areas, and water bodies, as shown in Figure 12 . The blue color represents the irrigated croplands, while the green color represents the irrigated trees. Yellow-colored areas are classified as non-irrigated fields. 
Validation
Validation is done using SIGPAC information over all of the productive fields in our study area (26,434 fields in total). Each field is checked if it is correctly classified through being compared with the ground truth. The confusion matrix is listed in Table 1 . The overall accuracy, which is the ratio of correctly classified fields and the total number of fields, is 81.08%, with the accuracy for non-irrigated crops slightly higher, with a value of 83.27%. The accuracy for irrigated crops is 77.53%, while for irrigated trees, it is 73.49%.
The most wrongly classified fields are irrigated crops into non-irrigated fields, with a percentage of 20.6%. The crops are mainly wheat. The different types of irrigation techniques may be a reason for the error, since fields using a new irrigated system are irrigated daily, while fields in the old irrigation area are irrigated about every two weeks, which makes the contribution of the irrigation events to the signal less important. The non-irrigated fields that were wrongly classified into irrigated crops were also high, with a percentage of 14.5%; most of them are located in the mountainous areas, where they may be influenced by topography. For irrigated trees, the most wrongly classified was into irrigated crops, which are the green-colored fields, with a percentage of 22.3%. The difference in the behaviors of backscatter signals for irrigated trees and very flouring crops may not be very evident.
The RF classification is also tested using half of the fields for learning and the other half for validating. The overall accuracy is around 82.2%, with the tree depth at three. The result shows the best accuracy for the irrigated crop, followed by irrigated trees and non-irrigated crops, which is the worst. The accuracy may vary from 80% to 83% when using different ground truth fields for learning, since RF is a very sensitive method. When using mean value alone as the input feature, the accuracy is about 80.9%, and using variance alone, the accuracy is about 66.4%, while when using correlation length alone, the accuracy is about 70.3%. Table 2 shows an example when using different combinations of metrics as input for RF classification. Combined the mean value with the variance, the accuracy increased by 1% above using the mean value only. After adding the correlation length, the accuracy increased by 0.3%. 
Discussions
This study uses Sentinel-1 SAR multi-temporal data from June 2015 to September 2017 and focused on the statistics and metrics including the mean value, the variance, the correlation length, and the fractal dimension. In the classification, only the first three metrics are used as input.
The SVM and RF are tested, and both methods showed a good accuracy.
The mean value shows a clear difference for irrigated and non-irrigated fields in VV polarization, as shown in Figure 11a . The non-irrigated fields have smaller mean values of the backscatter time series than irrigated fields, because of the backscatter signal intensity increasing with the soil dielectric constant, which is proportional to the water content in the soil until it is flooded.
The variance values of non-irrigated fields are relatively higher than those for irrigated fields, as shown in Figures 6, 9 and 11b. This behavior is because non-irrigated areas can generally reach extreme values, with high levels due to precipitation events, and extremely low values in the summer period due to a long absence of precipitation. This is not the case for irrigated fields that receive water frequently, and they rarely reach those extreme low moisture levels. The variance values are somehow mixed, but we can still find the pattern, as the signals of non-irrigated areas tend to be more spread out. There is a class with dense blue points for irrigated fields with low variance values (less than 1 for both VV and VH) and high mean values (greater than −11 dB for VV and −18 dB for VH) in Figure 9 , which consists of the irrigated trees, whose relatively high volumes yield higher reflectivity with small changes.
The function of the VV polarization increases, while for the VH polarization, it decreases as shown in Figure 9 , because VV is more sensitive to soil moisture, and VH is more sensitive to vegetation. For VV polarization in a relatively dry region such as in our study area, small changes in soil moisture with a low variance value will have a relatively low average backscatter mean value, while the increase of soil moisture on some days will lead to a high variance value and a relatively high average mean value. However, for the irrigated trees, the vegetation volumes contribute more to the backscatter signal, which leads to higher mean values with low variances. The case for VH polarization, which is more sensitive to vegetation, is more complex. For irrigated fields, the trees always have a high backscatter mean value with small changes, and for crops, the increase of variance may due to the flourishing of the vegetation as a consequence of irrigation. This could also be due to the decrease of canopy caused by harvest events, which in the end leads to relatively stable backscatter mean values. For non-irrigated fields, the vegetation volume will not be able to reach to a very dense situation because of water shortage, so the increase of variance can only be the consequence of harvest events, which of course will lead to a low backscatter mean value.
The correlation length shows a relatively higher value for irrigated fields than non-irrigated fields, as shown in Figures 7 and 11c . As the irrigation event happens in the summertime, the backscatter time series show a more seasonal pattern, which brings a higher correlation length value. Since the irrigation status is quite different for different croplands (different irrigation method, different irrigation period, different amount of applied water, etc.), the characteristics of its self-correlation may vary substantially, as shown in the x-axis of Figure 10 .
The fractal dimension didn't show a clear difference between irrigated fields and non-irrigated fields (Figures 8 and 11d) . The temporal backscatter signal is influenced by many factors such as the irrigation frequency, precipitation, the vegetation type, etc.; the self-similarity of the time series is hardly observed. We discarded it as input in the end.
For the classification step, we tested both the SVM and RF method, and both show good accuracy. In SVM classification, we use the linear SVM functions to separate irrigated fields and non-irrigated fields. Then, the irrigated fields are further separated into irrigated crops and irrigated trees. RF classification used half of the fields for learning and the other half for testing; the fields are also separated into irrigated crops, irrigated trees, and non-irrigated fields. RF can give a better accuracy with a larger number of ground truth fields for learning and a bigger tree depth. However, the accuracy of RF classification with the tree depth at three can change from 80% to 83% when using different fields for learning. Through increasing the input metrics, the RF method shows an increase of accuracy. The SVM method also gives a good accuracy, and is more robust. Besides, SVM does not need as many ground truth fields as RF, but of course, more ground truth fields may bring a better accuracy.
Conclusions
In this paper, a methodology for irrigation mapping using the Sentinel-1 SAR data time series is introduced. The backscatter mean value, the signal variance, and the correlation length are derived from the backscatter signal time series and are used for classification. The classification result of irrigated and non-irrigated fields is compared with the ground truth from SIGPAC database over 26,434 fields in the whole study area. The result shows a good overall accuracy, which is 81.08% using the SVM. The mean value of the backscatter time series is the key to separating irrigated and non-irrigated fields, while the correlation length and variance are used for the separation of irrigated trees and irrigated crops.
The results of the SVM show good accuracy for irrigated croplands and non-irrigated fields, with soil moisture change more dominant to multi-temporal radar signals. Classification results for irrigated trees are slightly poor, and the effect of vegetation cover over backscatter in the case of trees is more obvious than the effect of soil moisture change.
The RF classification gives a similar accuracy as SVM, but it depends a lot on the number and location of the ground truth fields for machine learning, and is less robust compared with SVM.
In areas where there is no ground field information available, instead of using field boundary information, field segmentation was performed using Sentinel-2 NDVI data [57] [58] [59] , but only for areas without frequent cloud cover. Another alternative method is using 100-m resolution cells directly to calculate the metrics only from Sentinel-1 SAR data, which is more consistent with our original intention to use the methodology under any weather conditions. This approach can be used in any agricultural areas when SAR data is available, and is adapted to regions with a limited use of S2 because of climate conditions. For areas that are more humid than the Catalunya study area during irrigation season, soil moisture contribution will be more limited, which may make the method less robust. Additionally, this method does not need to develop operational algorithms to estimate soil moisture before application; it is based directly on radar signal analysis. It is unrestricted by weather conditions and the location of the fields. The results demonstrated the potential of using Sentinel-1 data for irrigation mapping at the field scale. 
